Abstract: Natural gas extracted from underground reservoirs is saturated with water. The accurate prediction of moisture content in natural gas is extremely important. The presence of water vapor can lead to potentially disastrous consequences. The lifetime of a pipeline is governed by the rate at which corrosion occurs, which is directly linked to the available moisture in the gas resulting in oxidation. In addition, the formation of hydrates due to presence of water in natural gas can lead to safety hazards to production/transportation systems and to substantial economic risks. In this paper, an attempt has been made to develop an easy-to-use Arrhenius-type asymptotic exponential function combined with the Vandermonde matrix to arrive at an appropriate estimation of saturated water content of sour natural gases for pressures up to 69000 kPa and the temperature range between 20 to 180˚C. Percent average absolute deviation of the proposed method is found to be around 2%, demonstrating the excellent performance of the developed predictive tool. The tool will be of great practical value for chemical and petroleum engineers to have a quick check on the water content of sour natural gases at various temperatures and pressures without performing any experimental measurements.
Introduction
Moisture removal is a key stage of natural gas conditioning and processing prior to sale and its efficiency is important in order to satisfy fiscal contractual obligations and to ensure that the gas is safe to transport and contains the right properties for subsequent use [1] . When the gas is produced there is a simultaneous production of water as well. Some of this water is produced water from the reservoir directly [2] . In the transmission of natural gas, further condensation of water is problematic. It can increase pressure drop in the line, often leading to corrosion problems and gas hydrate formation [1, 2] which can reduce pipeline flow capacities, blockages and potential damage to process filters, valves and compressors. Such hydrates are caused by the combination of excessive water vapor with liquid hydrocarbons, which may condense out of the gas in the course of transmission to form emulsions that, under process pressure conditions, are solid masses. There are numerous methods available for determining water content of natural gases [3] [4] [5] [6] [7] [8] . In some of these models the vapor pressure of pure water is required as an input. Poor estimates of the vapor pressure will lead to poor estimates of the water content [2] . For example Sharma and Campbell [9] proposed a method for calculating the water content of natural gas. This method is rather difficult to use for hand calculations. Firstly, it requires the compressibility factor of the gas mixture. Secondly, it requires the fugacity of pure water at system conditions. The chart given to estimate this value is only valid for temperatures between 80˚F (26.7˚C) and 160˚F (71.1˚C) and for pressure less than 2000 psia (13800 kPa). This method requires three fugacity calculations for a single water content estimate.
McKetta and Wehe [10] published a chart for estimating the water content of sweet natural gas. This chart has been modified slightly over the years and has been reproduced in many publications, most notably the Gas Processors and Suppliers Association (GPSA) Engineering Data Book [11] . To obtain the values in this study, the original chart was photo enlarged to double its original size. Even so, it is difficult to read the chart to an accuracy of more than two significant figures [2] . The McKetta-Wehe chart is not applicable to sour gas, and there have been corrections proposed to make the chart applicable to these systems [12, 13] . In addition, Kobayashi et al. [7] presented a correlation for the curves plotted in the McKetta-Wehe chart. Their equation is quite complicated and it is only applicable for temperatures up to 120˚F (48.9˚C) and to 2000 psia (13800 kPa) [14] .
For these above-mentioned reasons, the water content of sour natural gases is an important engineering consideration. Therefore, there is an essential need to develop a practical, reliable and easy-to-use method for practice engineers for the rapid estimation of the water content of sour natural gases to ensure successful, efficient and reliable gas transmission and processing plant operations.
Development of the predictive tool
Developing new predictive tools to minimize the complex and time-consuming calculation steps for estimating sour gas water content is an essential need. As most simulations require simultaneous iterative solutions of many nonlinear and highly coupled sets of equations, it is apparent that a mathematically compact, simple and reasonably accurate equations containing few tuned coefficients would be preferable for computationally intensive simulations [15] . In fact, the development of practical correlations by a small modification to the well-known Vogel-Tammann-Fulcher (VTF) (Vogel [16] , Tammann and Hesse [17] , Fulcher [18] ) and Arrehnius [19] equation was the primary motivation for the present paper, which nevertheless, yields predictive tools with accuracy comparable to that of the existing rigorous simulations. The present study discusses the formulation of such a novel and simple predictive tool which can be of significant importance to engineers to accurately estimate sour gas water content. Matlab [20] technical computing language and Vandermonde matrix can be used to adjust the parameters of predictive tool.
The primary purpose of the present study is to accurately estimate the water content of sour gases (W) as a function of temperature and pseudo H 2 S mole fraction (y). This is done by a simple predictive tool using an Arrhenius-type asymptotic exponential function with a small modification of the Vogel-Tammann-Fulcher (VTF) equation (Vogel [16] , Tammann and Hesse [17] , Fulcher [18] ) combined with the Vandermonde matrix and using Matlab technical computing language [15] . This is important as such an accurate and mathematically simple correlation the water content of sour gases (W) is required frequently for quick engineering calculations to avoid the additional computational burden of complicated calculations. The Vogel-Tammann-Fulcher (VTF) equation (Vogel [16] , Tammann and Hesse [17] , Fulcher [18] ) is an asymptotic exponential function that is given in the following general form [21] :
In equation 1, is a properly defined temperaturedependent parameter, the units for which are determined individually for a certain property; is a pre-exponential coefficient, having the same unit of the property of interest; T and T are the actual temperature and the characteristic-limit temperature, respectively (both given in degrees Kelvin); E is referenced as the activation energy of the process causing parameter variation (given in units of J/kmol); and Ris the universal gas constant (R) 8.314 J/(kmol K)). A special case of the VogelTammann-Fulcher (VTF) equation (Vogel [16] , Tammann and Hesse [17] , Fulcher [18] ) for T = 0 is the well-known Arrhenius [19] equation.
For the purpose of this application which involves the correlation of density and vapor pressure of aqueous methanol or glycols solutions as a function of temperature, the Vogel-Tammann-Fulcher (VTF) equation (Vogel [16] , Tammann and Hesse, [17] ,Fulcher [18] ) has been modified in the following form by adding second-order and third order terms [15, 21] .
In equation 2, T has been considered zero to convert equation 2 to the well-known Arrhenius [19] equation type.
The required data to develop this correlation includes the reported data [11] , for the water content of sour gases (W) [11] as a function of temperature and pseudo H 2 S mole fraction (y). The following methodology using Vandermonde matrix and Matlab [20] technical computing language have been applied to develop this correlation.
Vandermonde matrix
Vandermonde matrix is a matrix with the terms of a geometric progression in each row, i.e., an × matrix [22] .
Or
For all indices and . The determinant of a square Vandermonde matrix (where = ) can be expressed as [22] :
The Vandermonde matrix evaluates a polynomial at a set of points; formally, it transforms coefficients of a polynomial 0 + 1 + 2 2
to the values the polynomial takes at the point's α . The non-vanishing of the Vandermonde determinant for distinct points α shows that, for distinct points, the map from coefficients to values at those points is a one-to-one correspondence, and thus that the polynomial interpolation problem is solvable with unique solution; this result is called the unisolvence theorem [23] .
Thus, these are useful in polynomial interpolation, since solving the system of linear equations V = for with V an × Vandermonde matrix is equivalent to finding the coefficients u of the polynomial(s) [23] 
of degree ≤ − 1 which has (have) the property:
The Vandermonde matrix can easily be inverted in terms of Lagrange basis polynomials: each column is the coefficients of the Lagrange basis polynomial, with terms in increasing order going down. The resulting solution to the interpolation problem is called the Lagrange polynomial [23] .
Approach to Developing the Predictive tool
The required data to develop this correlation includes the reported data for water content of sour gases (W) [11] as well as temperature and pseudo H 2 S mole fraction (y). Equation 9 provides pseudo H 2 S mole fraction (y) as a function of CO 2 and H 2 S mole fractions. The water content of sour natural gas is predicted rapidly by proposing a novel correlation. The following methodology using Matlab [20] and Vandermoncde matrix has been applied to develop this predictive tool.
For a given pressure, water content of sour gases (W) are first correlated as a function of temperature for various reported pseudo H 2 S mole fraction (y). Then, the calculated coefficients for these polynomials are correlated as a function of pseudo H 2 S mole fraction (y). The derived polynomials are applied to calculate new coefficients for equation (10) to predict water content of sour gases (W). Table 1 shows the tuned coefficients for equations (11) to (14) for pressure at 6900, 14000, 21000, 41000 and 69000 kPa (abs).
Where:
= A 3 + B 3 + C 
In brief, the following steps are repeated to tune the correlation's coefficients. 3. Correlate corresponding polynomial coefficients, which were obtained for different temperatures versus pseudo H 2 S mole fraction (y), = ( ) = ( ) = ( ) = ( ) [see equations (11)- (14)].
Calculate the water content of sour gases (W) as
a function of temperature and pseudo H 2 S mole fraction from equations (10) and (14), respectively.
5. Calculate water content of sour natural gas using simple interpolation formula (equation 15) to various pressures.
6. The water content of sour gases at low pressures is approximately independent of composition, so equation 16 and Table 2 are suggested to calculate water content at 2100 kPa (abs).
Equations 9-16 present the developed tool for predicting water content of sour natural gases, as a function of temperature, pseudo H 2 S mole fractions and pressures. The tuned coefficients are also given in Table 1 can be also retuned if more accurate data are available in the future. The predictive tool proposed in is simple and has an unique expression which is non-existent in the literature. In addition, logarithmic function is selected to develop the correlation, as these functions are smooth and wellbehaved (i.e. smooth and non-oscillatory) equations which should allow for more accurate predictions [15] . Figure 1 shows the developed Matlab-based predictive tool. Figures 2 to 6 show the obtained results of the new proposed predictive tool for predicting the water content of sour natural gases at 6900, 14000, 21000, 41000 and 69000 kPa (abs) respectively. As shown, the obtained results show good agreement with the reported data. Table 3 shows that the proposed predictive tool has good agreement with the reported data [11] and the average absolute deviation is around 2%. The proposed simple method covers water content for temperatures range between 25-175˚C, and pseudo H 2 S mole fraction up to 0.45 as well as pressure up to 69000 kPa (abs). Sample calculations shown here clearly demonstrate the simplicity of the proposed predictive tool and the benefits associated with such empirical estimations. The approach is of practical significance for natural gas processing industries and gas reservoir engineering in terms of assessing operational issues. In particular, the proposed correlation gives an advance indication of key parameters which could potentially enable practice engineers to take appropriate remedial measures in the design of facilities for natural gas production, transmission, and processing.
Results

Sample calculation for practice engineers
Determine the saturated water content of a mixture containing 80% CH 4 and 20% CO 2 at 70˚C and 13800 kPa (abs).
Sample solution:
= After interpolation, the water content of natural gas at 13800 kPa will be: W = 2 95842 + (13800 − 14000)(4 4993 − 2 95842)/(6900 − 14000) = 2 99 S 3 (from equation 15) This is a classic example showing how the information evolving out of the proposed predictive tool can be used to understand and estimate the water content of sour gases (W). The proposed tool is easy to use which employs simple algebraic equations and can be solved by a simple calculator quickly by any water practitioner without going into the complicated principles of thermodynamics and associated expressions.
Conclusions
Presented in this paper, a simple-to-use predictive tool for accurate estimation of water content of sour natural gas mixtures containing up to 40 mole percent acid gas components was developed. Predicted results show good agreement with the reported data, wherein the new developed method works for pressures up to 69000 kPa (abs), temperatures from 25 to 180˚C and pseudo H 2 S mole fractions up to 0.4. The proposed correlation has excellent association with the reported data. Estimations from the proposed tool have been compared with reported data and found good agreement with average absolute deviation being less than 2.1%. The proposed tool appears to be superior owing to its accuracy and simple background, wherein the relevant coefficients can be retuned quickly if new and more accurate data are available in the future. The example shown for the benefit of natural gas practitioners clearly demonstrates the usefulness of the proposed tool for the practice engineers. It is expected that our efforts in this investigation will pave the way by arriving at an accurate measure of the water content of sour gases at various conditions which can be used by the gas processing industries personnel for monitoring the operational parameters periodically in the design of facilities for the natural gas production, transmission, and processing. 
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